Abstract: Signal and noise evolutions in gain-distributed Raman amplifiers are described by using a classical approach taking into account the pump depletion. Characteristics of single and a chain of forward and backward amplifiers are estimated.
Introduction
The development of WDM in long haul optical communications forces the engineer community to consider amplifiers with large amplification bandwidths, high gain coefficients, high saturation powers and long amplification lengths for reasonable pump powers and low loss coefficients. Presently Raman amplifiers seem promising candidates [1] . In parallel, the need of using weaker incident signal to increase the performances implies to consider as non negligible the optical noise effects, in particular zero-point fluctuations, in the signal degradation process. This communication proposes to determine the spatial evolutions of signal and noise powers in Raman amplifiers, and so to evaluate the influence of the amplifier properties on the performances of the latter, in terms of gain and Signal to Noise Ratio (S.N.R.), for different configurations at the signal frequency. In a first part principles of the classical noise formalism are reminded. Then performances of a single, forward and then backward pumped, Raman amplifier followed by those of a chain of cascaded Raman amplifiers are numerically estimated in part three and four respectively. The optimum characteristics and noise factors are also evaluated.
The classical noise formalism
The classical noise formalism is based on the classical Rice description of fields and noise amplitudes [2, 3] . Inquadrature and in-phase amplitude noise, contributing for the phase noise and the intensity noise, are in this way clearly distinguished from each other. This approach also allows to separate contributions linked to zero-point fluctuations (hν 0 /2) associating with the spontaneous emission from the effects of the intrinsic fluctuations of the incident fields (signal and pump), ν 0 being the carrier frequency under consideration. The evolution and the amount of the different noise contributions along the amplification length are then calculated, under the small-signal assumption, by taking into account the effects of the gain and loss coefficients, β and α, on the incident components and by adding zero-point fluctuations which are known as amplification noise βhν 0 /2 and partition noise αhν 0 /2. Such a formalism makes, intuitively and rigorously, visible the evolution and the amount of the different noise contributions along the amplification length and allows to identify the incident signal, similarly to the pump, as the sum of a main signal at the carrier frequency under consideration and an added noise contribution.
The Raman amplifiers considered are assumed to have constant and homogeneous gain and loss coefficients all along the effective amplification length. Loss coefficients are frequency dependent and are identified as α S and α P at signal and pump frequency ν S and ν P respectively. The loss contributions α RS , α RP implied by Rayleigh backscattering at signal and pump frequency are taken into account in the process of noise generation and signal degradation [4] as well as the pump depletion resulting from the signal amplification. The fibre is single mode and keeps a constant effective interaction surface A.
Single Raman amplifiers
This study is interested in the spatial power evolution of signals at frequency ν S in an optical bandwidth B 0 . The different powers at the output of a Raman amplifier are numerically calculated by firstly divided the effective amplification length in successive slices of equal length dz and then integrated it.
Forward amplifier
In this configuration the pump and signal beam are propagating in parallel and together in a single Raman amplifier. The signal power P S and the associated noise power P NS are given in (1) and (2) for one amplifying slice where g R and B 0 are the Raman amplification coefficient and the optical bandwidth.
Similarly the signal power P P and the associated intensity power noise P NP are written as (3) and (4).
The term in square-brackets in (2) and the last one of (4) are introduced as the contribution of zero-point fluctuations. They are commonly included in the A.S.E contribution and are independent of the incident field. Using these equations the output signal power and associated intensity power noise are evaluated as well as the total gain and SNR are. The different noise contributions can be also individually estimated. These equations are numerically integrated with a constant length dz. For a given effective amplification length the evolutions of powers are described along the amplifier length L and for different lengths the total gain, SNR and the noise factor F defined according to the IEEE standard [6] are evaluated (cf. figure 1) . F is directly deduced from SNR since the initial incident signal and associated noise are constant at the input. From figure 1 , the saturation of the amplifier is clearly shown in the first kilometers of propagation although its SNR is close to this of the backward configuration. It is the consequence of the pump depletion. Indeed due to the latter the absorption losses of the signal cannot be compensated yielding to the complete extinction of the signal and pump for a too long amplifier length. The optimum effective length is estimated as 6500 m for the amplification is maximum and noise amount is minimum.
Backward amplifier
Presently the pump and signal beam are counterpropagating in a single Raman amplifier. Following the same calculation as previously, the optimum length is evaluated as 19 km (cf. figure 1) . The amplifying fibre characteristics are the same as previously. SNR though decreasing with length and gain is better than this of the forward configuration. For long length amplification, backward amplifiers are more suitable both in terms of noise and amplification gain while for short amplification length, smaller than 7km, the forward configuration is more advantageous. Using this the parameters of backward Raman amplifiers can also be optimized for a given gain G.
Chain of cascaded Raman amplifiers
The previous formalism is applied for a chain of isolated Raman amplifiers. In order to simulate the losses resulting from the transmission, each amplifier is followed by a linear attenuating fibre where loss coefficient α f is supposed homogeneous along the fibre length L f . The signal and the associated intensity power noise propagating in the fibre are attenuated and increased by an additive noise associated to the losses as shown in (5) and (6) using the same formalism as (1)-(4). 
The last term of (6) is the contribution of zero-point fluctuations. The forward and backward output pump components are supposed filtered at both faces of each amplifier, refreshed and identical at the input of each.
Forward amplifier and backward amplifier
Assuming that the individual amplification lengths equal the optimum amplification lengths calculated previously, the gain and SNR are evaluated at the output of a chain with different numbers of amplifiers for a given fibre length (L f =100 km)(cf. figure 2) . SNR and the total gain are rapidly decreasing with the number of amplifiers and the total travelled length for any amplifier configuration. However in forward configuration, the relatively high SNR is coupled with a low gain, while in backward configuration, the opposite is observed for a total amplifying length L≤50km. Indeed the gain is dramatically increasing for L≤50km because of the generation of a high quantity of intensity noise power at the signal frequency which substitutes for the signal and yields to the very low SNR observed.
Conclusion
Using a classical formalism, the signal and associated intensity power noise were numerically evaluated taking into account the pump depletion at the output of single and then a chain of forward and backward Raman amplifiers. This has allowed to compare the performances of forward and backward Raman amplifiers, to distinguish the contributions of the intrinsic field noise power from those of the noise generated by the amplifier itself and finally to estimate and compare the optimum characteristics and noise factors of each configuration.
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